Enteropathogenic Escherichia coli (EPEC) infections are a leading cause of infant diarrhea in developing countries. Recently eaeA, a gene necessary for the characteristic intimate attachment of EPEC to epithelial cells in tissue culture, was described. We conducted a randomized, double-blind study to determine the role of the eaeA gene in human EPEC infection. 11 adult volunteers ingested 2 X 1010 colony-forming units of 0127:H6 EPEC strain E2348/69, and an equal number received the same dose of an isogenic eaeA deletion mutant constructed from E2348/69. Volunteers were monitored for the development of diarrhea, fever, and systemic and gastrointestinal complaints. Diarrhea developed in all 11 volunteers who received E2348 /69 and in 4 of 11 who received the mutant (P = 0.002). Fever was more common in recipients of the wildtype strain (P = 0.024). Stool volumes were lower in recipients of the mutant. All volunteers seroconverted to E2348 /69 LPS, but the geometric mean peak titers of serum IgG and IgA in recipients of the mutant were lower than those of recipients of the wild-type strain. IgA against LPS was detected in the jejunal fluid of six of six recipients of E2348 /69 and 5/6 recipients of the mutant. This study unambiguously assigns a role for eaeA as an EPEC virulence gene, but the residual diarrhea seen in recipients of the mutant indicates that other factors are in-
Introduction
Enteropathogenic Escherichia coli (EPEC)' are a leading cause of diarrhea among infants on five continents (1) (2) (3) (4) (5) . With the 1 . Abbreviations used in this paper: ANCOVA, analysis of covariance; EAF, EPEC adherence factor; EPEC, enteropathogenic Escherichia coli. advent of recombinant DNA technology, a detailed analysis of the complex process ofEPEC infection at the molecular level is now possible. Indeed, much progress has recently been made in unraveling the genetic basis of EPEC pathogenesis. A three stage model has emerged from these analyses (6) .
The initial phase of EPEC infection involves the nonintimate attachment of bacteria to intestinal epithelial cells. This process is recognized in tissue culture as localized adherence and is dependent on the presence ofa large plasmid common to EPEC isolates (7) . A bundle-forming pilus associated with the plasmid has been purified and proposed to mediate this initial adherence (8) . Recently bfpA, the gene encoding the major structural subunit of the pilus, has been cloned and sequenced (9) . The gene is part ofan operon necessary for localized adherence and is related to genes encoding type IV fimbriae of several other pathogenic organisms, including Vibrio cholerae, Pseudomonas aeruginosa, and Neisseria gonorrhoeae. Transposon mutants at the bfpA locus are deficient in localized adherence (9) .
Subsequent to initial adherence, the bacterium becomes intimately attached to the epithelial cells and triggers a profound rearrangement of the host cell cytoskeleton. Although these events are collectively known as the attaching and effacing effect (10) , analyses of mutants have indicated that the processes ofintimate adherence and cytoskeletal disruption are separable. The signal transduced to the epithelial cell involves activation of host cell tyrosine kinases (11) and the release of calcium from intracellular stores (12, 13) . The epithelial cell responds with the loss ofmicrovilli and deposition ofcytoskeletal components including filamentous actin (14) , myosin ( 1 5), a-actinin, talin, and ezrin ( 16) directly beneath the adherent bacteria. Tyrosine phosphorylation appears to be a necessary part of the signal received by the epithelial cell because tyrosine kinase inhibitors block the cytoskeletal changes (11) . EPEC mutants have been isolated that are capable of both initial (localized) and intimate adherence, but are unable to activate host cell tyrosine kinases and induce the cytoskeletal changes (11) .
Coincident with the cytoskeletal changes evoked in the epithelial cell, the bacterium becomes intimately attached to the host cell membrane (10) . This step requires the function of a gene cluster located on the EPEC chromosome. The eaeA locus, originally designated eae ( 17) , encodes a 94-kD outer membrane protein called intimin (18 
Methods
Bacterial strains. E2348/69 is a prototypic 0127:H6 strain originally isolated from an outbreak of infant diarrhea in Taunton, England. A spontaneous nalidixic acid resistant clone, referred to herein as the wild-type strain, has been stored at -70'C in 50% glycerol/50% LuriaBurtani broth since it was last used in a volunteer trial in 1984 (22) . CVD206 was derived from this clone by suicide vector-driven allelic exchange mutagenesis (23) . It is isogenic to the wild-type strain except for an internal deletion of 1847 bp from the eaeA gene ( -66%). Only eight passages were required from recovery of wild-type from frozen storage to storage ofthe mutant strain. The phenotype of the mutant is identical to wild-type except for the inability to produce immunoreactive intimin, the product of the eaeA locus, and the inability to attach intimately to epithelial cells in tissue culture. The integrity of the construction ofCVD206 was verified by restoration ofthe wild-type phenotype after introduction of the cloned wild-type eaeA allele on a plasmid (23 were dissolved in 150 ml of distilled water. Volunteers ingested 120 ml of sodium bicarbonate solution followed 1 min later by 2 X 1010 CFU ofthe challenge organism dissolved in 30 ml sodium bicarbonate solution. Food and drink were proscribed for 90 min before and after challenge.
Microbiology. All stools were collected, weighed, and inoculated onto eosin-methylene blue agar plates containing 100 ggg/ml nalidixic acid (to which the challenge organisms were resistant) for quantitative culture. 10 colonies typical ofE. coli were picked and tested for agglutination with 0127 antiserum. Hybridization with DNA probes derived from the EPEC adherence plasmid (24) and the eaeA gene ( 17) was performed on five colonies per stool as previously described. Rectal swabs were substituted for stool cultures in volunteers unable to produce a specimen during a 24-h period. In addition, a duodenal specimen was obtained from each volunteer for culture using a gelatin string capsule 24 and 48 h after challenge. Only strings stained with bile and having a pH 2 6 were cultured. Fecal leukocytes were sought by Giemsa staining of the first liquid stool from each volunteer with diarrhea.
Endoscopy. As a second nested study, volunteers were asked to undergo esophagogastroduodenoscopy. Separate informed consent was secured. The clinical coordinator, who was not blinded to the identity of the group to which the volunteers belonged, selected three volunteers from each group who had agreed to endoscopy and who had the most diarrhea during the first 18 h of the study. These individuals underwent esophagogastroduodenoscopy under midazolam and meperidine anesthesia -24 h after challenge. A duodenal aspirate was obtained for culture and four duodenal biopsies were obtained for immunological studies (to be reported elsewhere) and histopathologic examination. Duodenal biopsies were fixed in 2% glutaraldehyde/ 1% formaldehyde and processed by routine methods for histopathology and scanning electron microscopy.
Serology. Serum was collected before challenge and 8, 21 , and 28 d after challenge. Jejunal fluid was collected before and 8 d after challenge by aspiration through oral polyvinyl chloride intestinal tubes. Serum was tested for IgG and serum and duodenal fluid were tested for IgA antibodies against purified 0127 LPS by ELISA as previously described (22, 25) . Briefly, polystyrene Cooke plates were coated with the LPS preparation in carbonate coating buffer, pH 9.6. After an overnight incubation at 4°C, plates were washed with PBS, then blocked with PBS containing 5% FBS for 1 h at 37°C. Plates were again washed, and specimens added. Serum was initially diluted 1:50 followed by twofold dilutions; duodenal fluids were standardized to a total IgA content of 20 mg%, then run at an initial dilution of 1:4. All specimens were diluted in PBS-Tween 20 with 1% FBS. Specimens were incubated overnight at 4°C, plates washed, and the binding reaction measured using immunoglobulin specific alkaline phosphatase conjugates and substrate as previously described (25) . Absorbances were read at fourfold rise in titer comparing prechallenge to postchallenge titers of antibody were considered to be indicative of a seroconversion.
Statistical analysis. For univariate analyses, categorical variables were compared using Fisher's exact test; continuous variables were compared using the Wilcoxon rank sum test or Spearman's rank correlation coefficient. Analysis of covariance (ANCOVA) was used to assess the relationship between challenge strain and peak immunoglobulin titer(covariate = prechallenge titer). Forthis analysis, immunoglobulin titers were logarithmically transformed to better approximate normality. Differences in the presence ofsymptoms caused by the challenge strains was assessed by discriminant analysis. For clinical outcomes, one-tailed P values < 0.05 were considered significant. Twotailed tests were used to compare microbiological and immunological outcomes. Statistical tests were performed using SAS/PC (SAS Institute, Cary, NC).
Results
Clinical outcome. Clinical and serological data for each volunteer are given in Table I and summarized in Tables II and III . Diarrhea, as defined in Methods, developed in all 11 volunteers who received the wild-type strain, but in only 4 of 11 recipients of the eaeA deletion mutant (P = 0.002). When all volunteers who had liquid stools were compared regardless of whether they met the definition of diarrhea, illness was more severe in the group that received the wild-type strain (P = 0.004). However, when the analysis was restricted to volunteers who met the definition of diarrhea, the difference in stool weight between groups was no longer significant. Fever was noted pnmarily in recipients of the wild-type strain (55 vs 9%, P = 0.024). Diarrhea developed after a mean incubation period of 7.4 h (range 2.9-11.2 h) in the group that received the wildtype strain, and 7.3 h (range 5.3-8.7 h) in the group that received the mutant strain. Independent comparisons of each symptom showed a higher frequency of anorexia, malaise, abdominal gurgling, and vomiting among recipients of the wildtype strain (Table I) . However, these symptoms are not independent, but rather are manifestations of a common clinical syndrome. A discriminant analysis which simultaneously compared differences in frequency of all symptoms revealed significant differences between recipients of the wild-type and mutant strain (P = 0.005). In addition, a discriminant analysis comparing the peak score for each symptom also revealed differences in the severity of symptoms (P = 0.02).
Microbiology. E. coli colonies that were agglutinated with 0127 antiserum from the group given the wild-type strain were positive with the eae gene probe. As expected, none of the E. coli colonies that were agglutinated with 0127 antiserum from the group that received the mutant strain were eae probe positive, indicating lack of cross-contamination between groups. Of 130 samples from the group that received the wild-type strain, 108 (83%) had at least one positive colony when tested with the EPEC adherence factor (EAF) probe. Only 45 (48%) of 93 such samples from the group that received the mutant strain were EAF positive (P < 0.001). There was no correlation between the proportion of samples from an individual that were EAF positive and peak excretion, There was a significant association between proportion of samples from an individual that were EAF positive and severity of diarrhea as measured by total stool weight (Spearman's correlation coefficient 0.689, P < 0.001). However, 76 of 80 samples recovered from both groups during the first 24 h after challenge, during the period of peak diarrhea, were EAF positive. Furthermore, there was no difference between groups in the proportion of volunteers that excreted at least one EAF negative sample during the study (8 of I1 recipients ofthe wild-type strain and 11 of 11 recipients of the mutant, P = 0.21 ). Fecal leukocytes were detected in samples from only two volunteers. Both individuals were from the group that received the wild-type strain and both had fever. Immunological response. All volunteers developed antibodies against 0127 LPS (Tables I and III) . A fourfold increase in serum IgG titer to LPS was detected in all recipients of the wild-type strain, but in only 5 of 11 recipients of the mutant strain (P = 0.001 ). The geometric mean ofthe peak serum IgG 
Discussion
In this randomized, double-blind study we demonstrate that the eaeA locus is necessary for full pathogenicity in adult normal volunteers, thereby confirming the function of eaeA as the first virulence gene to be identified in EPEC. Volunteers randomized to ingest an isogenic eaeA deletion mutant of prototypic EPEC strain E2348/69 were less likely to develop diarrhea than those who received the otherwise identical parent strain. Among volunteers with any loose stools, those from the cohort that received the mutant strain had less severe diarrhea than recipients of the wild-type strain. In addition, abdominal symptoms were milder in recipients ofthe eaeA mutant. These results demonstrate unambiguously that the eaeA gene is involved in EPEC virulence.
We found no difference in the peak excretion of the wildtype and mutant strains. This is not surprising considering that both strains are capable of producing the plasmid-encoded bundle forming pilus proposed to mediate the initial adherence of EPEC to epithelial cells in vitro (8, 9) . The previously noted tendency of EPEC to lose the adherence plasmid during passage through adult volunteers was confirmed in this study (22) . Surprisingly, a higher proportion of samples from volunteers who received the eaeA mutant were EAF probe negative. Thus the difference in incidence and severity ofdiarrhea between the groups that received the wild-type and mutant strains is confounded by the greater loss of the adherence plasmid (previously associated with virulence (22) ) in the latter group. However, the fact that virtually all samples were EAF positive during the first 24 h of the study when diarrhea was at its maximum in both groups, suggests that loss of the EAF plasmid was not a cause of diminished virulence.
All (10) . Intimin, the 94-kD outer membrane product of the eaeA locus, is necessary for the intimate attachment aspect of this effect in a tissue culture model ( 17, 23) . In addition, enterohemorrhagic E. col, which are also capable ofthe attaching and effacing effect, possess an eaeA gene homologue that is necessary for intimate attachment in a porcine model (29) . We hypothesize that the EPEC eaeA mutant is unable to attach intimately to epithelial cells in humans and that this deficiency is reflected in the decreased virulence ofthe organism. Unfortunately, attempts to verify this hypothesis directly by endoscopic duodenal biopsy were unsuccessful. The duodenum was selected for the site of biopsy because previous studies in infants with persistent diarrhea due to EPEC have demonstrated organisms at this site (30, 31 ). However, cultures of duodenal aspirates obtained at the time of endoscopy did not yield E. coli in our adult volunteers. The failure to detect organisms or pathological changes in duodenal biopsies in this study suggests that the site of EPEC injury may differ between adults with acute, mild, experimental EPEC infection and infants with persistent, severe, natural EPEC infection.
The presumed failure of the eaeA mutant to attach intimately to intestinal epithelial cells is the most likely explanation for its decreased pathogenicity. Intimate attachment is necessary for full expression of the effects of EPEC on the host cell cytoskeleton ( 17, 23) . Mutants at the eaeA locus remain capable, however, of more subtle cytoskeletal alterations and of inducing host-cell tyrosine kinase activity (11, 23, 26) . We speculate that this signal transduction event results in elevated intracellular calcium concentrations and fluid secretion ( 12) . Loss of microvilli caused by EPEC attaching and effacing lesions is an alternative mechanism for EPEC diarrhea. While malabsorption may be a factor in protracted EPEC infection, the acute onset of diarrhea in volunteers (in as little as 2.9 h) indicates that secretory mechanisms are also operative.
Interestingly, the eaeA mutant was not completely avirulent; diarrhea developed in 4 of 11 volunteers. Since diarrhea does not develop in volunteers who ingest nonpathogenic E. coli (32) , this suggests that intimate attachment is not essential for the development of diarrhea. Indeed, the eaeA mutant remains capable of disrupting host cell cytoskeletal proteins and inducing cellular tyrosine kinase activity ( 11) . Thus eaeA appears to be required for intimate attachment and full expression of cellular effects caused by other EPEC loci. It will therefore be interesting to test EPEC mutants deficient in signal transduction in volunteers.
In summary, we have shown that the eaeA gene of enteropathogenic Escherichia coli is necessary for full EPEC virulence, but that an eaeA mutant retains the ability to induce mild diarrhea. These results add to our understanding ofEPEC pathogenesis and provide valuable information for the design of strategies to prevent and ameliorate diarrhea due to this prevalent pediatric pathogen.
